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Evolutionary change results from differences in the re-
productive success of individuals with different geno-
types. The downside of this process is easy to grasp:
selection constantly purges deleterious mutations from
the gene pool. However, we know remarkably little
about evolution’s upside—that is, about the types of
mutations that commonly lead to increased fitness. To
understand the biology of natural populations—
including, most notably, that of the human—we need
testable ideas about the types of mutations that evolution
is likely to have favored in the recent past. Here I explore
one such idea, the proposal that loss of gene function
may represent a common evolutionary response of pop-
ulations undergoing a shift in environment and, conse-
quently, a change in the pattern of selective pressures.
If, as I suggest, less is often more, where gene function
is concerned, adaptive loss of function may occur
frequently and may spread rapidly through small
populations.

Because mutations that lead to loss of function are
numerous, this class of change (if adaptive) is the most
likely outcome when a novel selection acts on a popu-
lation. Loss-of-function mutations will occur far more
often than will a shift in the target specificity of a protein
or in the patterns of spatial or temporal regulation of a
gene—and certainly will occur more often than a gene
will acquire a new regulatory system. Once its function
is lost—unless the lesion involves a complete deletion of
the gene—the mutated gene will persist in the genome
and may be available for reversion if the selective en-
vironment shifts once more. Evidence supporting the
plausibility of the “less-is-more” hypothesis comes from
both mammalian and microbial genetics. Here, on the
basis of diverse examples drawn from these organisms,
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I propose the testable view that gene loss is a major motif
of molecular evolution.

Well-known human examples of conditionally advan-
tageous mutations—those that improve fitness in par-
ticular environments—include a number of biallelic and
multiallelic systems in which heterozygotes enjoy a con-
ditional advantage. In these cases, alleles that are clearly
maladaptive when present in homozygous form are nev-
ertheless maintained at high frequency in some popu-
lations. For example, enteric disease and iron-deficient
diets, respectively, have been proposed as selective pres-
sures that may confer a heterozygote advantage on mu-
tations that, when homozygous, cause cystic fibrosis and
hemochromatosis (Gabriel et al. 1994; Crawford et al.
1995). Similarly, hemoglobinopathies are common in
many human populations because of a slight heterozy-
gote advantage in high-malaria environments. Still, our
knowledge of conditionally beneficial alleles in humans
is biased by our reliance on homozygous disease states
to bring the slight conditional benefits of heterozygous
phenotypes to our attention. Moreover, genetic drift and
founder effects are hard to exclude as explanations when
mutant alleles are present at high frequencies in partic-
ular populations, and hypotheses about specific selective
mechanisms are always difficult to prove. Work with
model genetic systems in the laboratory circumvents
some of these difficulties.

Selection for Year-Round Fecundity in Mice

To make these ideas more concrete, consider some
observations about the reproductive behavior of wild
and laboratory mice. Wild strains of Mus musculus, the
species from which laboratory mice were derived, dis-
play a seasonal pattern of reproduction that is typical
of animals living at nonequatorial latitudes. These wild
strains display the same diurnal cycles of melatonin syn-
thesis in the pineal gland that are present in nearly all
mammals and that play a central role in the regulation
of seasonal reproduction (Tamarkin et al. 1985). Given
its evolutionary conservation, this mechanism for mon-
itoring changes in the length of daylight hours and for
adjusting reproductive behavior in response to them is
likely to be the ancestral state. In contrast, laboratory
mice, whose reproduction is uncoupled from seasonal
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change, have no pineal-melatonin synthesis. The defect
is due to the presence of recessive mutations in two
genes, which almost certainly encode the two enzymes
required for the conversion, in two steps, of seratonin
to melatonin (Ebihara et al. 1986; Goto et al. 1994). A
likely hypothesis is that these mutations accumulated
through inadvertent selection for unregulated breeding,
a highly desirable characteristic of domesticated mice.
Similar selections are also likely to have occurred fre-
quently in the wild when mice have populated environ-
ments where continuous breeding is at least transiently
advantageous. Indeed, a wild mouse species that lives at
equatorial latitudes and that reproduces continuously
throughout the year—the Venezuelan cane mouse—has
normal pineal-melatonin synthesis, but this species’ re-
productive behavior is uncoupled from this metabolic
pathway (Bronson and Heideman 1992). Most likely,
the cane mouse, under selection for high reproductive
rates, has lost other genetic functions required for full
operation of the pineal-melatonin system. Perhaps non-
reproductive benefits of diurnal melatonin synthesis have
preserved the “front end” of the system in cane mice,
whereas this system was lost in laboratory mice. The
different responses of the two species may relate to the
heavy-handed selection applied during domestication or
to more subtle biological or environmental issues. These
examples illustrate how readily organisms can gain con-
ditional benefits by discarding the functionality of widely
conserved genes. Given that the overwhelming prepon-
derance of mutations cause complete or partial loss of
gene function, it seems likely that evolution has made
frequent positive use of this most common class of ge-
netic change.

Disposable Genes

If one is to argue for broad applicability of the less-
is-more principle in evolution, several questions arise.
First, how cavalierly can organisms dispense with genetic
functions, without suffering seriously adverse effects?
Second, if the selection is envisioned as acting on ho-
mozygotes rather than on heterozygotes, is it plausible
that these genotypes arise often enough to play a major
evolutionary role in diploid, sexually reproducing pop-
ulations? Third, how can evolutionary processes gen-
erate novelty as readily as they apparently do, if selection
is constantly stripping away hard-won genetic functions?
Finally, how do inactivated genes contribute to the sub-
sequent evolution of the organism?

With respect to the dispensability of genetic functions,
the yeast Saccharomyces cereviseae is the best-studied
model. This single-celled eukaryote possesses fully de-
veloped mitotic and meiotic cell-division cycles, synthe-
sizes functional mitochondria, and differentiates along
several alternative developmental pathways, but it main-

tains only 6,000 genes in a genome 0.5% the size of a
mammalian genome (Broach et al. 1991). Despite this
obviously streamlined genetic system, Goebl and Petes
(1986) note that 85% of yeast genes can be ablated
without an effect on haploid viability. Some viable
knockout strains display deleterious phenotypes under
particular circumstances, but such phenotypes are often
subtle. We have no idea what fraction of the environ-
ments to which wild yeast are adapted have been suc-
cessfully mimicked in the laboratory, but the data show
that even an organism with a parsimonious genome can
dispense with a surprisingly large fraction of its genetic
functions while preserving its complete life cycle. Intri-
guingly, Goebl and Petes (1986) also mention that some
of the strains in which genes had been disrupted grew
better than “wild type” on a rich medium. Thus, al-
though there are in nature undoubtedly many circum-
stances in which genes that are dispensable in the lab-
oratory play critical roles, there may also be specialized
ecological niches—analogous to growth on a rich me-
dium—in which selection favors less than a complete
repertoire of functional genes.

Propagation of Gene Loss in Human Populations

Because Saccharomyces readily forms fully homozy-
gous diploids through self-mating in the wild, homo-
zygosis of conditionally beneficial mutations—including
gene loss—may be more efficient than the corresponding
process in mammals. For our species, population size
and mating structure have a large influence on the prob-
ability that an autosomal recessive loss-of-function mu-
tation will ever have the opportunity to expand through
selection, even if homozygotes enjoy major conditional
benefits. The best estimates of past population sizes
make it quite plausible that loss-of-function mutations
could have contributed to human evolution even if their
conditionally beneficial effects were fully recessive. The
level of genetic variation in the current human popu-
lation suggests that typical population sizes were
∼10,000 individuals during most of the past several hun-
dred thousand years, the interval during which popu-
lation estimates can be made from sequence data on
modern humans (Harpending et al. 1998). Since 1024 is
a typical frequency for recessive genetic diseases, it is
likely that even a random-mating population of 10,000
humans would frequently contain individuals homozy-
gous for loss-of-function mutations in any dispensable
human gene (Vogel and Motulsky 1996). Fragmentation
of populations into relatively inbred subgroups, such as
almost certainly occurred during most of human evo-
lution, further increases the likelihood that a reces-
sive mutation will become homozygous within a few
generations.

In the human, the best-studied examples of adaptive
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gene loss involve pathogen resistance. One dramatic case
involves the relationship between the Duffy-negative
blood group and resistance to Plasmodium vivax (Tour-
namille et al. 1995), a malaria parasite that causes less-
severe disease than is caused by the better-known P. fal-
ciparum. A similar example involves resistance to AIDS
in individuals homozygous for a null mutation in the
CCR5 gene (Libert et al. 1998; Stephens et al. 1998).
Both of these examples involve genetic loss of different
chemokine receptors that are essential for entry of the
pathogens into target cells. In the Duffy-negative case,
the recessive mutation is in a promoter element required
for expression of the chemokine receptor DARC in ery-
throid lineages, whereas in resistance to AIDS a CCR5
coding-region deletion leads to loss of function in all
tissues, even though the functionally important change
is apparently specific to macrophages. In neither case
has any deleterious phenotype been detected in individ-
uals homozygous for the mutations. The allele frequency
of the Duffy-negative mutation is 100% in some regions
of western Africa, whereas that for the CCR5 deletion
is 115% in certain areas of northern Europe. Although
vivax malaria is a plausible source of the selective pres-
sure that led to the prevalence of Duffy-negative geno-
types in western Africa, the analogous selective pressure
for the CCR5 deletion allele remains unclear, since AIDS
is thought to be a modern human disease.

Inevitable historical uncertainties about past selective
pressures should not cloud the basic message of these
examples. Both involve conditionally beneficial loss-of-
function mutations that have become common in large
human populations, almost certainly in response to
strong selection. Furthermore, they have done so with-
out the concomitant cost of genetic disease. Presumably,
averaged over all human experience, DARC expression
in erythrocytes and CCR5 expression in many cell types
improve fitness—otherwise, these highly conserved func-
tions would have been lost long ago. However, the con-
ditional benefits of losing the functions in particular en-
vironments appear to have been overwhelming, whereas
the costs of the losses appear to have been slight. Similar
considerations are likely to apply to the better-known
O blood group, an instance in which recurrent loss-of-
function mutations have expanded in primate popula-
tions, albeit in response to unknown selective forces
(O’hUigin et al. 1997).

Given the difficulty of understanding the evolutionary
significance of common human genotypes, we should be
slow to conclude that conditionally beneficial loss-of-
function mutations are only important for particular
classes of genes, such as pathogen-resistance genes.
Other candidates, whose adaptive loss might prove to
be examples of the less-is-more model, include genes that
mediate our responses to particular foods. Aldolase B
mutations, for instance, are surprisingly common, de-

spite the fact that homozygous deficiency leads to fruc-
tose intolerance (Ali et al. 1998). Similarly, glutathione
transferase null alleles persist at high frequencies, despite
their statistical association with increased levels of some
cancers (Board et al. 1990). The evolutionary benefits
of these alleles remain speculative, but it must be em-
phasized that virtually all aspects of the human envi-
ronment have undergone repeated upheavals during the
past 100,000 years, the period during which humans
have populated the globe. Change has been particularly
dramatic during the past 15,000 years, as our species
has adapted to the end of the last ice age—an event that
is now thought to have been dramatically sudden. The
ensuing spread of agriculture not only revolutionized
human diets and pathogen exposures but also pro-
foundly influenced the physiological stresses experienced
by humans, as well as their behavioral and social ad-
aptations (Diamond 1997). The possibility that the se-
lective shedding of genetic functions played a major role
in reshaping the human gene pool during this period
deserves consideration as we seek to understand the
functional significance of diversity in many classes of
human genes.

Adaptive Reversions

In the long run, evolution must innovate in more fun-
damental ways than simply by giving up what it had
once created. However, if one accepts the concept that,
in response to short-term selections, loss-of-functionmu-
tations frequently expand rapidly in populations, their
possible role in long-term innovation also deserves con-
sideration. Although genes that are never needed—and,
in particular, those that are sometimes best done with-
out—will eventually erode by mutation, many genes are
likely to have functions that sometimes increase and
sometimes decrease reproductive fitness. Particularly
when population sizes are appropriate and environmen-
tal fluctuations occur over tens to thousands of gener-
ations—a situation that may describe many environ-
mental changes that have occurred during human
evolution—cycles of loss of function followed by rever-
sion may be important modes of molecular evolution.
At one extreme, when environmental variation is suffi-
ciently rapid that individuals typically experience fre-
quent environmental fluctuations within their lifetimes,
gene regulation is likely to evolve as a means of accom-
modating the on-again, off-again benefits of particular
genetic functions. At the other extreme, a species con-
fronted by a singular environmental shift that suddenly
requires a genetic function that was shed by mutation
in the distant past will not have a reservoir of “near-
functional” alleles in the population within which re-
version events can occur at a meaningful frequency.
However, at intermediate time scales, reversion of pre-
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viously shed genes may be a common response to the
recurrence of selective forces that act intermittently.

Bacteria provide the best-described model for this pro-
cess. A surprising finding of the early 1980s was the
discovery that many bacteria harbor cryptic operons
(i.e., operons that have been inactivated by mutation but
that can still readily revert to functional status; Hall et
al. 1983). For example, most natural isolates of E. coli
carry cryptic genes encoding enzymes required for the
utilization of b-glucoside sugars such as cellobiose. Un-
der selection for growth on these sugars, revertants are
readily obtained in the laboratory. As explained by Hall
and Xu (1992, p. 688), “The persistence of cryptic genes
in the face of mutational pressure is an interesting puzzle
for population biologists, and our current model is that
they are retained by alternately selecting for loss and
regain of function in different environments.” There is
no reason to imagine that this evolutionary process is
limited to microorganisms. Whenever strong selection
for the conditional benefits of a loss-of-function muta-
tion leads to rapid population expansion, a large pool
of mutant genes becomes available within which rev-
ertants can arise. When conditions change, these rever-
tants, which would be expected to have dominant phe-
notypes when arising in a homozygous-null background,
may be favored by selection. Furthermore, cycles of mu-
tation and reversion have the potential for molecular
experiments that are bolder than those typical of single-
step changes. This potential is most obvious in the case
of frameshift mutations, which are common both in
cryptic bacterial genes and in mutant genes associated
with human genetic diseases. For example, of the 700
distinct mutant alleles that have been reported in the
human genes BRCA1 and BRCA2, 42% of the BRCA1
alleles and 54% of the BRCA2 alleles are frameshift
mutations (Brody and Biesecker 1998). Frameshift mu-
tations often revert by the occurrence of a second, com-
plementary frameshift separated from the first by many
codons. In this way, two mutations can change a whole
string of adjacent amino acids, leading to rapid evolution
of protein sequence.

A spectacular example of the potential for rapid ev-
olution in genes that appear to be alternately under se-
lection for function and loss of function are the genes
for bacterial restriction endonucleases. Among the large
number of sequenced restriction-endonuclease genes,
there are almost never recognizable sequence motifs,
even when the encoded enzymes have nearly identical
properties (Wilson and Murray 1991; Bickle and Kruger
1993). Indeed, some pairs of endonucleases whose
amino acid sequences are too dissimilar to align, such
as BamH1 and EcoRI, have nearly identical three-di-
mensional structures (Aggarwal 1995). Although there
is a long-standing debate as to whether the lack of se-
quence similarity among endonuclease genes of similar

structures and functions reflects convergent or divergent
evolution (Jeltsch et al. 1995), it is plausible that these
genes diverge rapidly because the lineage of a particular
gene traverses frequent cycles of mutation and reversion.

The rationale for this model is as follows. Genes for
a restriction endonuclease and a protective methylase are
invariably tightly linked and are thought to spread to
new genomic environments largely through horizontal
transfer (Jeltsch and Pingoud 1996). Transfer of a re-
striction-endonuclease gene into a naive host is a pre-
carious transaction, since the cleavage of the new host’s
unprotected sites risks death of the cell. However, once
the methylase gene is expressed, the host genome is pro-
tected from cleavage by the endonuclease, and the host
cell stands to benefit from the ability of the endonuclease
to destroy the unprotected DNA of incoming viruses.
Perhaps even more important, reversion of a mutated
endonuclease gene benefits the gene itself, because loss
of a gene encoding a functional restriction-methylation
system is frequently lethal to the host cell (i.e., these
genes fulfill the basic criteria for “selfish DNA”; Naito
et al. 1995). Although regulatory mechanisms may play
a role in controlling the relative phenotypic lags asso-
ciated with expression of endonuclease and methylase
genes after transfer into a new host (Karyagina et al.
1997), it remains plausible that, at the transfer step, a
mutated endonuclease gene will often be at a great se-
lective advantage over a functional one. In contrast, once
the gene is established in a new host that expresses an
active methylase, reversion of the mutation would be
favored. This cycle would be expected to lead, as is ob-
served, to rapid divergent evolution of endonuclease
genes, whereas methylase genes remain relatively well
conserved.

Traces of Lost Genes

The idea that genetic loss may be an important engine
of evolutionary change is counterintuitive. We like to
think that organisms achieve better fitness by having
“better” genes, not broken ones. Over the broad sweep
of evolutionary time, this principle must be true, but loss
and regain of gene function may be common over shorter
stretches of a species’ history; if so, this pattern should
be evident from genomic comparisons between popu-
lations and among related species. Indeed, the less-is-
more theory can be tested more readily than many ev-
olutionary hypotheses. It predicts that study populations
acquired on the basis of conditionally beneficial phe-
notypes—in the case of modern urban human beings,
low blood pressure on a high-salt diet, failure to gain
weight on a rich diet, lack of anxiety under stress, or
longevity—will frequently be enriched for individuals
homozygous for null alleles in genes relevant to the phe-
notype. The same logic applies to phenotypes that are
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presently deleterious but that conveyed conditional ben-
efits in the past (e.g., an extreme tendency to store excess
calories as body fat). Because they present with disease
phenotypes, this class of conditionally beneficial geno-
types—Neel’s (1962) “thrifty genes”—fit more com-
fortably into traditional views of human genetics than
do genotypes that continue to convey conditional ben-
efits in distinctively modern environments. Obviously, in
testing the less-is-more hypothesis, we will have the best
success with phenotypes whose underlying biochemistry
is relatively well understood. However, advances in basic
biology—as well as in the technical capability to scan
large numbers of genes for mutations—may be expected
to expand rapidly the range of phenotypes that are ac-
cessible to this type of analysis in the years ahead. At
the DNA level, loss-of-function mutations are often rec-
ognizable against a high background of neutral muta-
tions, as is the case for nonsense mutations, frameshift
mutations, and obvious splicing defects. Expression sur-
veys at the mRNA or protein level offer alternative
screening methods. In some instances, the pattern of var-
iation in a gene (e.g., ratios of synonymous to nonsy-
nonymous amino acid substitutions) may provide clues
that the gene has been under alternating selection for
function and loss thereof.

From a theoretical standpoint, the less-is-more model
suggests a reformulation of our concept of “wild type.”
Although a cherished term in genetics, “wild type” has
never had a particularly clear definition. Operationally,
most geneticists think of a wild-type allele as one that
has nothing obvious wrong with it. By extension, a wild-
type organism is one composed entirely of wild-type
genes. Perhaps such an organism, in the unlikely event
that it could be found or constructed, would be poorly
suited to all the environments in which its species nor-
mally lives. A contemporary, anthropogenic analogy
would be to a “fully loaded” sports-utility vehicle. Such
a vehicle typically would not be manufactured and, in-
deed, would be poorly suited to any particular use. There
is, of course, a core set of functions—spark plugs, fuel
pumps, and so forth—that are shared by all operable
units and that vary little from vehicle to vehicle. Other
features, such as seats and tires, are present and func-
tional in all units but vary greatly from one to another.
However, there is also a long list of features—four-wheel
drive, catalytic converters, trailer attachments, security
systems, cruise control—whose outright desirability is
highly dependent on the vehicle’s proposed use. The
more complex the vehicle’s design and the larger the
variety of uses to which it might be put, the more the
divergence between the “fully loaded” abstraction and
the configuration of any actual unit.

Particularly in human and agricultural genetics, where
intensive molecular analysis is now being brought to
bear on diverse natural populations, there are likely to

be many opportunities to test the hypothesis that loss-
of-function mutations play a major role in evolution.
Although statistical-genetic methods offer a more ag-
nostic approach to the correlation of genotypes to com-
plex phenotypes, it is unlikely that these methods alone
will lead to a comprehensive view of how the genomes
of contemporary organisms have been shaped by past
selective pressures. Broad insights into these processes
will depend on new ways of thinking about molecular
evolution and on the ability to couple evolutionary the-
ory to our growing knowledge of cellular and organis-
mal function. Perhaps the less-is-more principle will pro-
vide this coupling for a broad range of evolutionary
adaptations.
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